mosomes. These results suggested that TRF1 might assays using immunodepleted extracts supplemented selectively target a limited subset of genes unlike TBP with recombinant proteins reveals that a TRF1:BRF which was found to associate with the majority of genes complex is required to reconstitute transcription of in the Drosophila genome. The TRF1-positive polytene tRNA, 5S and U6 RNA genes. In vivo, the majority of chromosome sites appeared to include many genes re-TRF1 is complexed with BRF and these two proteins lated to male-sterility or neuronal functions. However, colocalize at many polytene chromosome sites conmany of the TRF1-positive sites also contained tRNA taining RNA pol III genes. These data suggest that in with recombinant factors was subsequently carried out
Introduction scription.
In human and yeast, TBP is an essential component Although it is now evident that eukaryotic organisms of transcription initiation complexes utilized by all three have evolved elaborate molecular machines to deal with classes of RNA polymerases (Sharp, 1992) . Therefore, the control of gene expression, some of the key compoit was expected that TBP would also play an important nents and mechanisms that regulate transcription rerole in Drosophila pol III transcription. However, there main unclear. Even the most familiar and seemingly well was no direct biochemical or functional evidence to esestablished paradigms such as the universality of the tablish the involvement of either TBP or TRF1 in RNA TATA binding protein ( TBP and/or TRF1 might affect pol III transcription. Next, Rabenstein et al., 1999). Another surprising discovery we used immunoprecipitation to determine whether was that at least in vitro, transcriptionally competent other pol III transcription factors such as BRF are associinitiation complexes lacking any known member of the ated with TBP or TRF1. This approach might allow us TBP/TRF family have been observed (Usheva and to isolate Drosophila BRF, a core component of the RNA Shenk, 1994; Wieczorek et al., 1998). As more extensive pol III transcription factor TFIIIB (Willis, 1993; Geianalyses of tissue-specific and developmentally reguduschek and Kassavetis, 1995; White, 1998, for reviews), lated transcription mechanisms are carried out, it would that had thus far eluded molecular characterization. In not be surprising to discover additional levels of specivitro transcription assays carried out with Drosophila ficity and specialization in the components that have nuclear extracts depleted of TRF1, BRF, or TBP were been traditionally considered as part of an invariant and employed to provide evidence for the involvement of these factors in the transcription of tRNA, 5S RNA, or U6 RNA genes. Reconstitution of such depleted extracts ‡ To whom correspondence should be addressed (e-mail: jmlim@ uclink4.berkeley.edu).
with recombinant factors was subsequently carried out to confirm the importance of potentially novel protein tagetitoxin (0.5 units/ml) completely inhibited transcription of the pol III templates (lanes 4, 9, and 14). In concomplexes involved in directing transcription by RNA pol III. These studies suggest that TRF1 instead of TBP trast, RNA pol II transcription directed by the Adh distal promoter was highly sensitive to low levels of ␣-amanitin plays an important role in directing transcription by RNA pol III in Drosophila.
( Figure 1C , lanes 2, 5, and 8), although it abrogated the pol II transcription from the category of genes (six tRNAs, two U6 RNAs, and six 5S RNAs). Our in vitro transcription extract accurately Adh promoter (lane 11). On the other hand, treatment with anti-TRF1 severely impaired or eliminated traninitiates and terminates RNA synthesis to produce a number of discrete RNA products of the expected size at scription by pol III ( Figure 1C , lanes 3, 6, and 9). As expected, depletion of TRF1 had little or no effect on different levels of efficiencies depending on the template used ( Figure 1A These results suggest that Drosophila TRF1 but not TBP is required for pol III transcription at least in our in vitro (6-1), and 5S RNA (1A8), because the results from the other templates were essentially the same.
assay. To confirm that the RNA products synthesized by these in vitro reactions represented bona fide RNA pol Identification and Cloning of BRF as a TRF1-Associated Factor III transcripts, we tested their sensitivity to ␣-amanitin and tagetitoxin (a selective inhibitor of RNA pol III). DroIn parallel with these in vitro transcription studies, we attempted to isolate and characterize proteins that are sophila RNA pol III is known to be considerably more resistant to ␣-amanitin than mammalian or yeast RNA associated with TRF1 and thus possibly involved in directing pol III transcription. Schneider cells (Schneider's pol III (Wang and Stumph, 1995) . Consistent with previous observations, transcription from active pol III genes Drosophila line 2) were used as the starting material, since this cell line provided a homogeneous pool of (tRNA, U6, 5S) was found to be resistant to ␣-amanitin up to 200 g/ml ( Figure 1B, lanes 3, 8, and 13) To further assess the factor requirements for the DroColocalization of TRF1 and BRF on Polytene Chromosomes sophila pol III transcription system, we also attempted to restore activity to the depleted extracts with the addiIf BRF and TRF1 exist as a functional complex on pol III-transcribed genes in vivo, these proteins should colotion of purified recombinant TBP and BRF. In contrast to TRF1, purified TBP preincubated with BRF failed to calize to specific chromosomal loci that contain pol IIItranscribed genes. We tested this prediction by examinrestore RNA pol III transcription significantly above background levels ( Figure 4B, lanes 9-11) TRF1 was found to be a principal participant in Drosophila pol III transcription. In vitro transcription studies with multiple classes of pol III templates failed to show any study was affinity purified using a full-length TRF1, while the rabbit anti-TRF1 used previously was purified using significant contribution of TBP, but instead revealed a clear contribution by TRF1. Moreover Drosophila BRF a peptide corresponding to the N-terminal 50 amino acids of TRF1. Thus, the detection of TRF1 at a majority was isolated as a TRF1-associated factor, while no significant amount of TBP:BRF complex was observed. of chromosomal sites labeled with anti-BRF, and the finding that many of these sites contain genes tranImmunodepletion of Drosophila nuclear extracts followed by reconstitution with purified recombinant scribed by pol III (Hansen et al., 1997) , provide support Polytene chromosomes were prepared from third instar larvae and stained with rabbit anti-BRF and mouse anti-TRF1 affinity-purified antibodies. The images shown are colored with BRF in red, TRF in green, and a merge of these two images. Sites of colocalization appear in the spectral range of orange to light green depending on whether the BRF or TRF signal is more prominent. The four adjacent white lines mark an example of a set of loci in the cytological region 48-47 that contain anti-BRF and anti-TRF1 to different extents (a pair of sites with strong TRF1 labeling and weak BRF labeling followed by a pair that shows more prominent BRF label). The 56DE labeled arrow marks the locus harboring the tandemly arranged 5S genes (165 copies) and multiple (at least 11) tRNA genes reported previously to be one of the major staining sites of TRF1 (Hansen et al., 1997).
TRF1:BRF directly implicated this complex in mediating
unidentified factors that contribute to RNA pol III transcription. However, since all the detectable pol III tran-RNA pol III transcription. Thus, it appears that in Drosophila TRF1:BRF contributes significantly to RNA pol scription activity in our embryonic extracts was abolished by depletion of TRF1, such putative TRF1-free III transcription initiation in place of a TBP:BRF complex.
We have not assayed all potential RNA pol III genes BRF complexes may not be actively involved in pol III transcription at least in vitro. in the Drosophila genome (600-750 tRNA genes for instance) nor have we tested extracts from every DrosophAlthough in principle it is possible that there are multiple BRFs or BRF-like factors in Drosophila, the nearly ila tissue type or developmental stage. Therefore, we cannot exclude the possibility that in Drosophila there complete genome sequences of Drosophila made available recently failed to reveal any obvious BRF homologs are different BRF, TBP, or TBP-related factor complexes that may collectively contribute to RNA pol III transcripother than TFIIB. Thus, it seems unlikely that there are multiple BRFs or BRF-like factors. Previously, Vilalta et tion in a cell type-or developmental stage-specific manner. Indeed, our efforts to quantitate TRF1 and BRF in al. (1997) reported that a 105 kDa protein could be shown to interact with Drosophila TBP and that an antibody Schneider cells and embryos suggest that the relative amounts of these two transcription factors may vary against human BRF (Wang and Roeder, 1995) crossreacted with this protein. The relationship between the depending on the cell type. Moreover, we detected an excess pool of BRF molecules that appeared not to be Drosophila BRF we have identified here and their putative BRF-like protein is presently unknown. Also, there tightly associated with either TRF1 or TBP in extracts derived from embryos. Thus, it is possible that Drosophwas no clear evidence that this putative TBP-containing complex contributed to RNA pol III transcription. ila BRF can be associated with some other, as yet previous studies could predict the utilization of speciesspecific transcription factors, and it appears that both the promoter structure and the machinery responsible for recognizing diverse RNA pol III genes may have diverged significantly from species to species. et al., 1998) . Thus, genes. Here we show that TRF1 can also interact specifically with Drosophila BRF and direct transcription by RNA pol III. Indeed, most of the TRF1 (Ն90%) in Drosophila cell extracts appears to be associated with BRF, and thus only a small proportion is likely to be available for RNA pol II transcription. However, recent evidence suggests that some RNA pol II promoters contain a control element that can bind preferentially to TRF1 rather than TBP and is able to respond selectively to RNA pol II transcription initiation complexes directed by TRF1 (Holmes et al., 2000) . Thus, it is likely that TRF1 can be involved in transcription by different classes of RNA polymerases (Figure 7) . Whether TRF1 is also involved in RNA pol I transcription remains to be determined. ization showed its ability to bind TFIIA and IIB, and Transcription reactions of Adh distal promoter were performed using the same conditions as those used for Pol III genes except initiate transcription at promoters of protein coding that 500 M nonradioactive GTP was used and the transcripts were with anti-mouse, RRX-labeled Donkey antibody and rabbit BRF antibody was stained with anti-rabbit, Cy2-labeled Donkey antibody. detected by primer extension.
Amino Acid Sequence Differences between TRF1 and TBPs
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